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Open access under the ElsA new molecular species, MgAs, is investigated theoretically for the ﬁrst time at the CASSCF/MRCI level
using quintuple-zeta quality basis sets. Potential energy curves for the lowest-lying electronic states are
presented as well as the associated spectroscopic constants. Dipole and transition moment functions for
selected states complement this characterization. Estimates of transition probabilities and radiative life-
times for the most important transitions are also reported. The effect of spin–orbit interactions is clearly
reﬂected on the potential energy curves. Comparisons with BeAs, BeN, and BeP are made where pertinent.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Considering that the cosmic abundances of silicon and magne-
sium are about the same [1], it is surprising that only three magne-
sium-containing molecules, MgH [2], MgCN [3] and MgNC [4–6],
have been detected in extraterrestrial environments in contrast
with the silicon-containing diatomics and triatomics species
known so far [7]. Although diatomics like MgC [8,9] and MgN
[10] have been considered as new candidates to be found in inter-
stellar space, to the best of our knowledge, no experimental obser-
vation has been reported so far in the literature.
Concerning laboratory investigations of the potential existence
of Mg-containing diatomics with group V elements, electron spin
resonance spectroscopic studies of some metal phosphides by
Fuller et al. [11] have shown evidence of the formation of MgP, but
in very low yields. Theoretical spectroscopic constants obtained at
different levels of theory have been reported for MgN [10,12,13]
and MgP [11,14]. These studies reveal the ground state to have
4R symmetry anda relatively small bindingenergy. Ishii andTaket-
sugu [13] placed a2P state about 2273 cm1 higher in energy in the
case of MgN, with no mention of an expected close-lying 2R state;
for MgP, a2R and a2P state located at about 1726 and 7573 cm1
were reported by Fuller et al. [11]. Arsenic is the next element in
the nitrogen family and has also been detected in interstellar med-
ium [15]. Considering also the possibility of laboratory experiments
of laser ablation of amagnesiummetal target dopedwith an arsenic
compound and the trapping of the vaporized species in a rare
gas matrix, a thorough theoretical investigation of the structural
and electronic properties of the new species MgAs is certainly
warranted.evier OA license.In this Letter, as part of an ongoing investigation in our group on
arsenic species of which BeAs [16] and CAs [17] have been recently
reported, we present energy proﬁles showing a reliable character-
ization of potential energy curves (PECs) for themoleculeMgAs over
an extended range of internuclear distances, and report vibrational
energies and spectroscopic constants for a manifold of electronic
states using high-level ab initio methods. Dipole and transition
dipole moment functions, and transition probabilities for selected
states were also determined. Along with previous investigations
onMgN andMgP by other authors, it is expected that this studywill
provide a better understanding of the electronic properties of the
series of isovalent molecules MgN, MgP, and MgAs, and present a
challenge and motivation for the experimental investigation of
MgAs in terrestrial laboratories and its search in extraterrestrial
environments.2. Theoretical approaches
This study is focused on all the electronic states correlating with
the four lowest dissociation channels of the MgAs species, which
according to the Wigner–Witmer rules [18] correspond to three
quartets, seven doublets, and two sextets, as shown in Table 1 for
the non-relativistic states.
To generate the PECs, in a ﬁrst step we carried out state aver-
aged complete active space self-consistent ﬁeld (SA-CASSCF)
[19,20] calculations to account for static correlation effects and
the possible multireference character of the excited states followed
next by the multireference conﬁguration interaction (MRCI)
[21,22] approach to incorporate now dynamical correlation effects.
In the construction of the CASSCF wave function, all valence elec-
trons were included in an active space consisting of the 11 orbitals
(5, 3, 3, 0), in which ﬁve of them transform as the irreducible rep-
resentation A1 of the C2v point group, three according to B1, and the
other three according to B2. In the state averaging process, a total of
Table 2
Excitation energies (Te) in cm1, equilibrium distances (Re) in a0, rotational and
vibrational constants (cm1), and dissociation energies (kcalmol1).
Re Te Be xe xexe xeye De
X4R 4.984 0 0.1336 (8) 239.1 (10) 0.604 0.0716 14.42
a 2P 4.595 1647 0.1569 (8) 339.6 (10) 1.976 0.0300 40.44
b2R 4.906 2219 0.1378 (8) 305.2 (9) 2.120 0.0463 38.68
c2D 4.927 7108 0.1365 (8) 287.9 (10) 1.538 0.0126 24.31
A4P 4.756 11697 0.1467 (9) 305.7 (9) 1.519 0.0136 40.85
d2R+ 4.883 12319 0.1390 (8) 297.2 (9) 1.925 0.0232 30.98
e2P 4.815 17098 0.1426 (3) 270.5 (3) 1.175 0.0400 17.11
B4R 5.912 17201 0.0949 (5) 173.9 (4) 0.812 0.0525 25.12
f2P 5.585 20421 0.106 (5) 308.6 (4) 0.324 0.098 15.81
g2P 7.103 21146 0.066 (4) 101.7 (4) 5.805 0.021 13.75
Table 1
Low-lying electronic states of the molecule MgAs, their dissociation channels, and
energy separation at the dissociation limit.
States of separated atoms Molecular states DE
(cm1)
Theoretical Experimentala
Mg (1Sg) + As (4Su)
4R 0.0 0.0
Mg (1Sg) + As (2Du)
2R, 2P, 2D 10705.4 10786.0
Mg (1Sg) + As (2Pu)
2R+, 2P 18039.9 18493.8
Mg (3Pu) + As (4Su)
2,4,6R, 2,4,6P 20943.8 21890.9
a Experimental [23]. Average over the multiplets.
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A2(3); four states in the case of the quartets, B1(1), B2(1), A2(2), and
three sextets B1(1), B2(1), A2(1). We recall that in this point group,
R+ and D states transform according to the representation A1; Px
(Py) according to B1 (B2); and R and D according to A2.
The molecular orbitals were constructed using the basis set
aug-cc-pV5Z for Mg [24] and the aug-cc-pV5Z-PP set for As [25],
brieﬂy, aV5Z. The arsenic set contains a small-core (10 electrons)
energy-consistent relativistic pseudo-potential (PP), designated
ECP10MDF, that substantially replaces the 1s-2p inner core by an
energy-consistent pseudo-potential that was optimized in a multi-
conﬁgurational Dirac-Hartree–Fock calculation.
Vibrational energies and wave functions were computed by
solving the radial Schrödinger equation by the Numerov–Cooley
method as implemented in the INTENSITY program [26]. The
numerical interpolation of the total energies evaluated at 67 inter-
nuclear distances generated the potential energy functions. These
energies include the Davidson’s correction for quadruple excita-
tions (MRCI + Q) [27,28], and the spectroscopic constants were ob-
tained by standard ﬁtting procedures as described in the literature
[29–31]. The calculation of radiative transition probabilities, as gi-
ven by the Einstein Av 0v 00 emission coefﬁcients, and the radiative
lifetimes are described elsewhere [32,33]. Here we note that the
transition moment used in these calculations follows the deﬁnition
given by Whiting et al. [34]; see also the review by Larsson [35] on
the conversion factors between the transition moment and other
dynamical variables.
Within the interacting states method, using the one- and two-
electron Breit-Pauli [36] operators and CASSCF/aVQZ calculations,
spin–orbit matrix elements were computed thus taking into ac-
count the spin–orbit effects in K + S states considered. The diago-
nalization of the matrix representation of the Hel + HSO operator
generated the spin–orbit eigenstates. This matrix was constructed
by the replacement of its diagonal elements by the corresponding
MRCI + Q/aV5Z values. The contribution of spin–orbit effects was
assessed for the states in the ﬁrst and second channels. All ab initio
calculations were performed in the MOLPRO package [37].3. Results and discussion
3.1. Potential energy curves, vibrational energies, and spectroscopic
constants for the K + S states
In Figure 1, we show the potential energy curves of all twelve
electronic K + S states investigated in this work; the associated
spectroscopic constants of the ten bound states are collected in
Table 2. Clearly, the ground state is a4R with an equilibrium
distance of 4.984 a0 (2.637 Å). Very close-lying are located the state
a2P (Te = 1647 cm1) with Re = 4.595 a0 (2.431 Å) and the b2R at
Te = 2219 cm1 and Re = 4.906 a0 (2.593 Å); the next doublet
dissociating into the second channel is the c2D at 7108 cm1 with
Re = 4.927 a0 (2.607 Å). With very close equilibrium distances the
states X4R, b2R, c2D can be basically associated with theelectronic conﬁguration . . .7r2 8r2 4p2 9r1, and the a2P by
. . .7r2 8r2 4p3. At this distance, using a simple molecular orbital
picture, orbital 8r and 9r can be seen as a bonding and antibonding
combination of orbitals 4pz of As and 3s ofMg, and orbital 4px(y) as a
weakly bonding mixture of As 4px(y) and Mg 3px(y) orbitals, but
highly centered on the As atom. At a large internuclear distance
(15 a0), 8r and9rbecomeMg3s andAs4pzorbitals, and4px(y) turns
into As 4px(y). The shorter equilibrium distance of the state a2P re-
ﬂects the promotion of an electron from the antibonding orbital
9r to 4p with a small bonding character. The ﬁrst excited quartet,
A4P, basically represented by the conﬁguration ...7r2 8r1 4p3
9r1, lies at 11697 cm1, with Re = 4.756 a0 (2.517 Å) and correlates
with the fourth dissociation channel. The two doublet states corre-
lating with the third dissociation channel are: d2R+ (. . .7r2 8r2 4p2
9r1) with Te = 12 319 cm1 and Re = 4.883 a0 (2.584 Å), and e2P
(. . .7r2 8r1 4p3 9r1) with Te = 17 098 cm1 and Re = 4.815 a0
(2.548 Å). Slightly higher (Te = 17201 cm1) than the e2P state we
located the second excited quartet (B4R) with a relatively large
equilibrium distance of 5.912 a0 (3.128 Å); its major conﬁguration
(7r2 8r1 4p2 9r2) can be seen as arising from the promotion of a
8r bonding orbital to the antibonding 9r. The state f2P
(Re = 5.585 a0, Te = 20421 cm1) dissociating into the fourth channel
interacts strongly with the lower-lying e2P and a higher-lying 2P,
giving rise also to a double minima potential energy curve. As a re-
sult of this interaction, the state e2P also presents a second mini-
mum at Re = 6.401 a0 (3.387 Å) with Te = 20421 cm1. The last
doublet state (g2R) correlating with the fourth channel also shows
a minimum with a large internuclear distance, Re = 7.103 a0
(3.759 Å); this minimum can be rationalized as resulting from the
avoided crossing with the lower-lying b2R state. The two sextet
states correlating with the fourth channel are repulsive.
Comparison with the energy proﬁle of the isovalent BeAs [16]
shows a very striking similarity of their potential energy curves,
but for BeAs the Te values are smaller: 933 cm1 (a2P), 2107 cm1
(b2R), 6802 cm1 (c2D), and 14111 cm1 (A4P). This comparison
can be extended to BeN [38] and BeP [39] by referring to our work
on BeAs [16]. In Fuller et al. [11] investigation of MgP, the order of
the 2P and 2R states is reversed, but we note that their PEC calcu-
lation was limited to the CASSCF level with a relatively small basis
set perhaps leading to this discrepancy. In the case of MgN, only for
the states X4R and the a2P the PECs were calculated [13], and are
very similar to the ones for MgAs.
Compared with the ground state dissociation energy of the iso-
valent molecules BeAs (23.87 kcal mol1), BeN (31.59 kcal mol1),
and BeP (27.57 kcal mol1), the species MgAs is expected to be
much less boundwith aDe value of 14.42 kcal mol1. As to the three
doublets correlating with the second channel, they are expected to
be more strongly bound with De values of 40.44 kcal mol1 (a2P),
38.68 kcal mol1 (b2R), and 24.31 kcal mol1 (c2D). For these
states, these values are also smaller than the corresponding ones
for BeAs: 51.95 kcal mol1 (a2P), 48.48 kcal mol1 (b2R), and
34.54 kcal mol1 (c2D). For the ﬁrst excited quartet state, A4P, the
Table 3
Vibrational states energies differences DGv+1/2 (in cm1) and zero-point energies for
the electronic states of MgAs.
v X4R a2P b2R c2D A4P d2R+ e2P B4R f2P g2R
0 238 336 301 285 303 293 268 172 308 113
1 236 332 297 282 300 290 266 171 306 125
2 233 329 294 279 296 286 265 171 304 136
3 231 325 290 276 293 283 170 301 147
4 228 322 287 273 290 280
G0 119 169 151 142 152 147 135 87 154 53
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Figure 1. Potential energy curves of the lowest-lying quartet and doublet K + S
states of MgAs.
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Figure 2. Dipole moment functions for selected states of the molecule MgAs.
Table 5
Vibrationally averaged dipole moments (in Debye) for selected electronic states of
MgAs.
v X4R a2P b2R c2D A4P
0 1.687 4.779 2.243 1.864 2.730
1 1.684 4.783 2.258 1.871 2.773
2 1.680 4.790 2.278 1.880 2.819
3 1.673 4.803 2.299 1.888 2.868
4 1.663 4.819 2.320 1.897 2.919
5 1.651 4.835 2.341 1.903 2.973
A.P. de Lima Batista, F.R. Ornellas / Chemical Physics Letters 523 (2012) 43–48 45dissociation energies of MgAs and BeAs are comparable, 40.85 and
46.64 kcal mol1, respectively. Spectroscopic dissociation energies
(D0) can be directly obtained from Table 2 using the zero-point
energies listed in Table 3. An indirect assessment of the quality of
these results can be obtained by comparing the energy differences
at the dissociation limit collected in Table 1, which can be as small
as 0.23 kcal mol1 for the ﬁrst two channels.
Complementing the above results, it is also instructive to ﬁnd out
how much the averaging process in the CASSCF step affects the
ground state equilibrium distance and harmonic frequency. For
such, CASSCF/MRCI/aV5Z calculations were restricted to the deter-
mination of a single energy eigenvalue for a small range of internu-
clear distances around the minimum. With this new single state
PEC, both Re and xe values increased slightly to 5.009 a.u. and
243 cm1 compared to 4.984 a.u. and 239 cm1 for the calculationTable 4
Rotational constants Bv (in cm1) for the electronic states of MgAs.
v X4R a2P b2R c2D A4P
0 0.1329 0.1567 0.1374 0.1361 0.1462
1 0.1317 0.1561 0.1368 0.1354 0.1456
2 0.1304 0.1555 0.1361 0.1346 0.1448
3 0.1291 0.1549 0.1355 0.1339 0.1440
4 0.1278 0.1541 0.1348 0.1331 0.1431using state averaged natural orbitals. A further assessment of the
quality of these spectroscopic parameters (Re, xe) was obtained by
a partially spin-restricted RHF-RCCSD(T) [40] geometry optimiza-
tion with the aV5Z basis sets described above resulting in
Re = 4.990 a.u. and xe = 250 cm1. The good agreement with the
MRCI results reﬂects the fact that the ground state wavefunction
close to the equilibrium distance is essentially dominated by the
Hartree–Fock conﬁguration (c20  0.86). Next we tried to assess the
effect of core-valence correlation on these constants. Since these
calculations are very demanding computationally when much ex-
tended basis sets are used, we limited this estimate to the coupled
cluster method using triple-zeta quality basis sets, namely, aug-
cc-pwCVTZ for Mg [41], and aug-cc-pwCVTZ-PP for As [42]. For
the RCCSD(T) calculation, inclusion of core-valence correlation de-
creases Re by 0.05 a.u., while xe decreases by only 1 cm1.d2R+ e2P B4R f2P g2R
0.1387 0.1427 0.0948 0.1063 0.0655
0.1382 0.1421 0.0945 0.1063 0.0652
0.1376 0.1412 0.0942 0.1062 0.0650
0.1370 0.1399 0.0939 0.1055 0.0651
0.1364 0.1375 0.0936 0.1044
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Figure 3. Transition dipole moments of selected electronic transitions and the
spin–orbit coupling constant of the X4R and a2P states of MgAs as a function of the
internuclear distance. Table 6
Einstein emission coefﬁcients Av 0v 00 (s1), Franck–Condon factors (in italics), and
transition energies (in cm1, in parentheses) for selected electronic states of the MgAs
molecule.
v0 v00 = 0 v00 = 1 v00 = 2 v00 = 3 v00 = 4
A4P–X4R
0 128 0 68 102 72
0.330 0.343 0.195 0.084 0.032
(11730) (11492) (11256) (11023) (10792)
1 817 3 6 26 125
0.370 0.006 0.105 0.199 0.159
(12033) (11795) (11559) (11326) (11095)
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accuracy of the above results we also carried out similar calcula-
tions for MgO. In the case of Re, we obtained 3.316 a.u. and
795 cm1 with the RHF-RCCSD(T))/aV5Z approach, whereas exper-
imentally one has 3.305 a.u. [23], and 785 cm1 [23]. Estimating
the effects of core-valence correlation with a triple-zeta basis set
similarly as above for As [42] and O [43], we noticed that Re for
MgO decreased by 0.026 a.u. while xe increased by 5 cm1.2 1198 383 124 1 1
0.203 0.144 0.139 0.000 0.078
(12333) (12095) (11859) (11626) (11395)
3 841 1696 9 199 10
0.074 0.254 0.004 0.156 0.061
(12629) (12391) (12155) (11922) (11691)
c2D–a2P
0 871 1 947 1 999 1 247 525
0.072 0.207 0.280 0.233 0.133
(5434) (5098) (4766) (4437) (4112)
1 2497 2 212 280 194 832
0.167 0.189 0.031 0.028 0.162
(5719) (5383) (5051) (4722) (4397)
2 3862 696 457 1154 203
0.213 0.048 0.041 0.132 0.030
(6001) (5665) (5333) (5004) (4679)
3 4278 14 1619 212 436
0.196 0.001 0.117 0.019 0.052
(6280) (5944) (5612) (5283) (4958)
d2R+–a2P
0 17666 33 001 28 492 14896 51783.2. Vibrational energies and spectroscopic constants
The energy differences, DGv+1/2 = G(v + 1)–G(v), between the
vibrational states of the potential energy curves shown in Figure 1
are collected in Table 3.Using standard expressions and least-square
ﬁtting, the set of data for each electronic statewasused todetermine
the spectroscopic constants collected in Table 2. The rotational con-
stants (Bv) were evaluated as the vibrational average <v|16.8578/
lR2|v>, where |v> stands for the vibrational state, and the numerical
factor is such as to express the constant in cm1; they are collected in
Table 4 for selected states. Since the derivation of vibrational con-
stants by least-square ﬁtting, either experimentally or theoretically,
as discussed by Richards et al. [44], is dependent on the number of
adjustable parameters and points, we usually report our derived
constants by showing in parenthesis the number of points used;
the number of adjustable parameters is reﬂected in the headings
of the table.0.1376 0.2946 0.2930 0.1778 0.0723
(10645) (10309) (9977) (9648) (9323)
1 36448 16604 157 13096 18950
0.2529 0.1310 0.0015 0.1376 0.2302
(10930) (10594) (10262) (9933) (9608)
2 40 318 55 16675 8249 810
0.2507 0.0004 0.1348 0.0754 0.0089
(11212) (10876) (10544) (10215) (9890)
3 31 710 9916 12633 2049 13288
0.1774 0.0626 0.0910 0.0172 0.1246
(11491) (11155) (10823) (10494) (10169)3.3. Dipole moment functions
In Figure 2we have displayed the dipolemoment as a function of
the internuclear distance for selected electronic states. Negative
values correspond to a Mgd+Asd polarity. One common feature of
all these states is the linear behavior of the dipole moment function
near their equilibrium distances. We note that for the A4P state the
rate of change is largest, and that the state a2P shows the largestmoments. Since all these states dissociate into neutral fragments,
these functions reach a maximum value in magnitude and then de-
crease smoothly towards zero. In contrast with the dipole moment
function that shows a continuous change in polarity of themolecule
as it is stretched, only vibrationally averaged dipole moments are in
fact determined experimentally, and to allow a future comparison
when this species eventually comes to be investigated experimen-
tally, we have collected in Table 5 a set of averagedmoments for se-
lected electronic states. For the ground state (X4R) and the ﬁrst
excited quartet (A4P), for example, the average dipole moments
associated with v00 = 0 are 1.687 and 2.730 D, respectively. For
the vibrational states shown in Table 5, the fact that the average
moment for the A4P state is increasing with v00 whereas that for
the ground state is decreasing up to a certain vibrational state can
be easily inferred from the behavior of the dipole moment function
shown in Figure 2. Referring to our study on BeAs, we also note that
MgAs is much more polarized than BeAs. One should also note that
the average moment for the a2P state remains practically constant,
around 4.80 D, over several vibrational states.
3.4. Transition moments, transition probabilities, and radiative
lifetimes
In Figure 3 we have displayed the transition moment as a func-
tion of the internuclear distance for the major quartet transition
A4P–X4R, and for selected doublet transitions. Clearly, for the
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Figure 4. Potential energy curves for selected relativistic states of MgAs.
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variation close to the equilibrium distances of both states with a
change in sign. For the c2D–a2P and the d2R+–a2P transitions,
the moments show a linear behavior over a signiﬁcant range of
internuclear distances with the ones for the d–a transition about
10–15% larger. We recall that the equilibrium distance of the state
a2P is about 0.3 a.u. shorter than those of 2D and 2R+, and the one
for the A4P state is also shorter than that of the ground state by
about 0.2 a.u. This displacement in the equilibrium distances is a
ﬁrst indication that the potential vibronic transitions are not ex-
pected to be diagonal dominant. To quantify the intensity of these
transitions, we have collected in Table 6 both the Einstein emission
coefﬁcients Av 0v 00 and the Franck–Condon (FC) factors so that one
can judge the reliability of intensity predictions based on these lat-
ter factors. The A4P–X4R transitions are predicted to fall in the
near infrared and be very weak in intensity, the most intense being
from v0 = 2 to v00 = 0; based on the FC factors, the 0–0, 0–1, and 1–0
are expected to have about the same intensity. For the c2D–a2P
band systems, the 0–2 and 0–3 bands are expected to be equally
intense, but weaker than the 1–0 and 1–1 on the basis of the Ein-
stein coefﬁcients; the 2–0 and 3–0 ones should be much stronger.
Transitions for this system are predicted to fall in the short infrared
region of the electromagnetic spectrum. The c2D–a2P band system
is expected to be the most intense. Based on the magnitudes of the
Av 0v 00 coefﬁcients the order of decreasing intensity of the band sys-
tems is: 2–0, 1–0, 0–1, 3–0, and 0–2; using the FC factors, the 0–1
and 0–2 would be predicted to be the most intense. Emission from
the d2R+ state is also expected to fall in the near infrared and some
overlapping with the weak quartet bands is expected to occur.
Radiative lifetimes for the A4P state are estimated to be 2.32 and
0.73 ms for v0 = 0 and 1, respectively; for the state c2D, we obtained
147 and 137 ls; and for the d2R+ we estimated 9.93 and 9.85 ls.
3.5. Potential energy curves and spectroscopic constants for relativistic
states X
Since the incorporation of scalar relativistic effects in the
description of the electronic structure of MgAs was mostlyaccounted for through the pseudo-potential basis set of As, the en-
ergy proﬁles shown in Figure 4 for the low-lying X states of MgAs
essentially reﬂect spin–orbit interactions. In this context, compar-
ing these PECs with the ones in Figure 1 for the K + S states, one
can see that the a2P and X4R states do not cross anymore as well
as the a2P and b2R, and that the apparent distortions in these
curves result from the avoided crossing of states with the same
X value. Similar perturbations can also be seen in our previous
investigation of BeAs. In particular, the one for the state b2R be-
comes very anharmonic, with a very ﬂat curve close to the mini-
mum, thus making it very difﬁcult a precise determination of Re.
The energy splitting between the 2P3/2 and 2P1/2 states expressed
as DTe amounts to 1200 cm1; the negative of this number is
approximately the spin–orbit coupling constant, and is comparable
to the one we have determined for BeAs, 1158 cm1. Figure 3 also
shows the variation of the coupling constant with the internuclear
distance as derived from the spin–orbit interaction among the low-
est-lying relativistic states. As an estimate of the expected accuracy
of this constant, we note that for AsO (2P) we have previously cal-
culated a value of 923 cm1, which differs by about 10% from the
experimental determination of 1026 cm1[23].Acknowledgments
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